Introduction
Histo-blood group carbohydrate-dependent antigens are borne by glycolipids and glycoproteins which are expressed on human erythrocytes and also in the epithelia of glandular tissues, primary sensory neurons, and exocrine secretions in man and other mammals (Oriol, 1995; Henry and Oriol, 1995) . Two antigens families, the ABH(O) and the Lewis determinants, constitute the major histo-blood group carbohydrate determinant (Clausen and Hakomori, 1989) . They exhibit a pattern of appearance and disappearance on defined cells in particular tissues, representing developmental and specific functions.
The Lewis x (Le x ) determinant ( Figure 1 ) is a trisaccharide GlcNAcB-l (Hakomori et al, 1981) . In mammals, this oligosaccharide is a stage-specific embryonic antigen (SSEA) (Solter and Knowles, 1978) , implicated in the compaction of the morula (Bird and Kimber, 1984; Fenderson et al., 1984) and is also a tumor-associated marker (Feizi, 1985; Hakomori, 1989) . This trisaccharide has been recently found on the cell surface of Helicobacter pilori, a human pathogenic bacteria associated with gastric ulcer and cancer (Aspinall et al., 1994) . It is also present at the surface of the infecting phase of Schistosoma mansoni (Vellupillai and Harn, 1994) , having a signaling role in the interaction between this parasitic worm and its human host (Van Dam et al., 1994) . The sialyl Le x tetrasaccharide and its sulfated analog have also been recognized as important ligands in cellular adhesion, playing a role in the inflammatory response through their interaction with selectins (Lasky, 1992) .
Conformational studies of histo-blood group carbohydrates first appeared in the beginning of the 1980s (Biswas and Rao, 1980; Lemieux et al., 1980) . Important achievement in the chemistry of synthetic oligosaccharides, along with the availability of conformational analysis methods coupled to high resolution NMR characterizations, set the foundation for such studies (see Perez et al., 1994, for review) . They have provided a general description of the molecular conformations in solution, but no direct information concerning their hydrogen bonding properties and packing features. At the moment, no such biologically active oligosaccharides have yet been crystallized.
Results

Description of the crystal
Starting from chemically synthesized Le x trisaccharide methyl glycoside, single crystals could be grown. They were crystallized by slow evaporation of Le x dissolved in a water/ethanol mixture. Over a period of 2 years, more than 20 crystals having dimensions suitable for x-ray investigations have been obtained. One single crystal having dimensions of 0.5 x 0.25 x 0.05 mm was mounted on a glass pin with its long dimension along the pin axis. Le x crystallizes in the monoclinic space group P2, with unit cell parameters: a = 12.147(6), b = 27.552(9), c = 8.662(6) A, B = 91.71°(5). In such a unit cell, the asymmetric unit contains two independent molecules, and an unusually high number of water molecules. All hydrogen atoms of the O-H groups and of the water molecules could be located in this crystal structure, allowing a straightforward assignment of hydrogen bonds. The coordinates of all atoms are listed in Table 1 and Table 2 The trisaccharide conformation
The six monosaccharide units in the two Le" molecules adopt the typical 4 C, chair conformation, with no significant deviation away from classical pyranose ring shape. The N-acetyl group adopts a trans conformation, whereas the primary hydroxyl groups of the Gal and GlcNAc are trans-gauche and gauche-trans, respectively. The two Le x molecules differ in their overall conformations (Figure 2 ). These differences are essentially located at the glycosidic torsion angles at the GalB(l-4)GlcNAc linkage for which angle $1 differs by 10° (  Table 3 ). Neither of the two trisaccharides exhibits any intramolecular hydrogen bonds. A strong interaction exists between the fucose and galactose ring, but only nonpolar van der Waals contacts are involved, each ring presenting its most hydrophobic face to the other one. Conformational studies using NMR and/or molecular modeling (Thogersen et al., 1982; Ichikawa etal, 1992; Miller et al., 1992; Imberty et al., 1995) generally agree on a single conformation for Lewis x in solution, corresponding closely to the one reported here.
Hydration in the crystal
The nine water molecules present in the asymmetric unit are arranged in a cluster-like fashion. They establish hydrogen bonds to other water molecules within the cluster and to the surrounding carbohydrate molecule. They are arranged to fill an empty space in the crystal packing. Six and seven water molecules, respectively, are involved in the hydration of the two trisaccharides (Figure 3) . When comparing the two trisaccharides, the conserved hydration sites are the one accepting the amide hydrogen from the N-acetyl group and the one giving hydrogen to the oxygen 02fuc. In both trisaccharides, a hydrogen bond chain involving two water molecules links the oxygen atoms 06gln and 02gal but with different geometries.
Hydrogen bonds network
The two independent trisaccharides of the asymmetric unit are linked by four hydrogen bonds, two of them being part of a three-centered bond (06gln->07gln', O3fuc'->O7gln, 02fuc'->01gln, O2fuc'->O5gln). Almost the same interaction is produced by one unit translation along the a axis. In fact, a pseudo-symmetry element exists between the two independent molecules, therefore creating this apparent high level of symmetry in the ab plane (Figure 4a ). The crystal structure displays an extremely dense network of hydrogen bonds ( Figure 5 ). Thirty-six hydrogen bonds are observed in the asymmetric unit, 30 of them implying water molecules. Each trisaccharide is involved in 21 hydrogen bonds, the ratio per glycosidic residue varying from 5 to 8. Such a high number of hydrogen bonds can be correlated to two facts: the high hydration level and the peculiar folding of the oligosaccharide, burying the hydrophobic faces of the residue and presenting the hydrophilic faces to the external part. The hydrogen bond network shown in Figure 5 has several features: one four-member ring of cooperative hydrogen bonds (->O2gal'->Owat5->Owat4->Owat7->) and three infinite chains. Whereas these features have been described previously in carbohydrate crystals (Jeffrey and Saenger, 1981) , this is the fist example where they are shown to occur simultaneously.
Description of the packing
Analysis of the packing has been attempted by evaluating the energy of interaction between pairs of neighbors. The best ones, and almost equivalent ones, exist between the two independent molecules and between one molecule and the translation about a of the other. These two interactions create a strong molecular chain along the a axis. The two second best interactions result from the rotation about the 2, axis. They also generate molecules in the ab plane. The ab plane displays therefore all the strongest interactions and can be seen as a sheet of Lewis x trisaccharide molecules with strong interconnections (Figure 4) . A weaker but still energetically favorable interaction exists between each molecule and its related one along the c axis.
Discussion
The interaction between adjacent trisaccharides observed in the crystal structure can be related to several biological effects, which were thought to involve Le"-Le x interaction. "Torsion angles at the glycosidic linkages are defined as tyl = (O5gal-Clgal-Olgal-C4gln), *1 = (Clgal-Olgal-C4gln-C5gln), *2 = (O5fuc-Clfuc-Olfuc-C3gln), M>2 = (Clfuc-Olfuc-C3gln-C4gln). ""Lowest energy conformation (Imberty el ai, 1995) obtained with the MM3 force-field using a high dielectric constant in order to simulate the effect of water environment. In several cases, the histo-blood group oligosaccharides have been shown to be more active when associated in clusters (Dean et al., 1993; Varki, 1994) . Such clusters are likely to exist at the surface of the cell, either due to high density of O-glycosylation sites on mucin-like proteins, or to the association of the glycosphingolipids in patches in the membrane. From the present crystal structure, the arrangement of trisaccharides along the c axis is compatible with this hypothesis (Figure 6 ). This translation maintains the orientation of the trisaccharide, therefore creating rows of identical molecules compatible with insertion of their carrier in a bilayer membrane. Calculations are in progress to model two-dimensional arrays of glycolipids, using this pairing as starting point.
The specific interaction of Le x with Le x has been proposed to be the basis of cell adhesion in morula compaction and 
Material and methods
Synthesis of Lewis x trisaccharide methyl glycoside
Synthesis of Lewis x trisaccharide methyl glycoside (1) was accomplished by stepwise elongation of the oligosaccharide chain starting from the formation of lactosamine fragment (see Figure 7) . Methyl 6-O-benzoyl-3-O-benzyl-2-deoxy-2-phthalimido-fS-D-glucopyranoside (4) was used as first glycosyl acceptor. It was prepared by acid hydrolysis of methyl 3-O-benzyl-4,6-Obenzylidene-2-deoxy-2-phthalimido-(3-D-glucopyranoside (2) (Alais and David, 1990 ) and subsequent regio-selective 6-O-benzoylation of diol (3) (Schwartz el al, 1985) . Presence of Bz-group in 4 at O-6 was confirmed by low-field location of the signals of H-6a and H-6b protons and up-field location of the signal of H-4 in 'H-NMR spectrum.
Glycosylation of acceptor 4 by 2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl bromide (5) under promotion with silver triflate gave selectively substituted methyl lactosaminide derivative (6) in 83% yield. P-Configuration of the interresidual linkage was confirmed by the value of coupling constant J,, r of 7.8 Hz. Glycosylation of 4 by l,2,3,4,6-penta-O-acetyl-p$-D-galactopyranose catalyzed by trimetylsilyl triflate (Ogawa et al., 1981; Nifant'ev et al., 1996) and by ethyl 2,3,4,6-tetra-O-acetyl-l-thio-p-D-galactopyranoside under promotion with nitrosyl tetrafluoroborate (Pozsgay and Jennings, 1987) were less effective (yield of 6 was 40%) and accompanied by O-6-»O-4 migration of benzoate in 4 and formation of (l-»6)-linked allo-lactosaminide product (Nivant'ev et al., 1988) .
Hydrazinolysis of disaccharide 6, followed by complete acetylation and debenzylation gave lactosaminide derivative 8 with free OH-group at C-3. Glycosylation of 8 by fucosyl bromide 9 under halide-ion catalysis and subsequent removal of protecting groups gave target trisaccharide 1.
Crystallography
Lattice constants were determined by a least-squares fit to the setting angles at high 29 values measured with a Philips PW1100 diffractometer on an x-ray generator, Ni-filtered Cuka radiation, wavelength k = 1.541 A. The intensities of 4144 independent reflections were measured inside the sphere limited by 29 < 125° of which 3139 such as / > 3o-(/) were considered as observed. Lorenz and polarization corrections were applied, but no correction was made for absorption. The atomic scattering factors used were taken from the International Tables for X-Ray Crystallography (1974). The structure was solved by direct methods, allowing the location of all, C, O, and N atoms. The last refinement cycles were performed using an anisotropic thermal temperature factor for the nonhydrogen atoms. All the hydrogen atoms of the two trisaccharide molecules were located by successive difference Fourier maps and isotropic refinement. Half of the hydrogen atoms of the water molecules were located using the same procedure: consideration of these atomic positions in relation to possible hydrogen bonding schemes were sufficient to define the locations of the remaining hydrogen atoms without ambiguity. Introduction of these geometrically defined atoms at the final stage of the refinement did not increase the magnitude of the reliability index. The final R value was 0.051 and R w = 0.054. A final electron density map showed no significant residual density. Averaged standard deviations are 0.01 A for bond lengths, 0.7° for bond angles, and 1.5° for torsion angles.
